Abnormalities in dopaminergic activity have been implicated in psychiatric diseases, such as attention deficit hyperactivity disorder (ADHD), and are treated with therapeutic stimulants, commonly methylphenidate or amphetamine. Amphetamine administration increases glycogen synthase kinase-3 (GSK3) activation, which is necessary for certain acute behavioral responses to amphetamine, including increased locomotor activity and impaired sensorimotor gating. Here, we tested if modulating GSK3 by administration of the GSK3 inhibitor lithium or expression of constitutively active GSK3 altered behavioral responses to methylphenidate administered to mice acutely or daily for 8 days. Methylphenidate or amphetamine was administered to mice intraperitoneally for 1 or 8 days. Open-field activity and pre-pulse inhibition (PPI) were measured. In contrast to lithium's blockade of acute amphetamine-induced locomotor hyperactivity, lithium treatment did not significantly reduce methylphenidate-induced locomotor hyperactivity in wildtype mice after acute or 8 days of repeated methylphenidate administration. Lithium treatment significantly increased the impairment in PPI caused by methylphenidate, but significantly reduced the amphetamine-induced PPI deficit. In GSK3 knockin mice, expression of constitutively active GSK3β, but not GSK3α, significantly increased locomotor hyperactivity after acute methylphenidate treatment, and significantly impaired PPI, preventing further methylphenidateinduced impairment of PPI that was evident in wild-type mice and GSK3α knockin mice. Lithium does not counteract locomotor activity and PPI responses to methylphenidate as it does these responses to amphetamine, indicating that different mechanisms mediate these behavioral responses to methylphenidate and amphetamine. Only active GSK3β, not GSK3α, modulates behavioral responses to MPH, indicating selectivity in the actions of GSK3 isoforms.
Introduction
Attention deficit hyperactivity disorder (ADHD) is a neurobehavioral disorder characterized by inattentiveness, aggression, irritability, hyperactivity and increased impulsivity (Waldman et al., 1998) . The causes of ADHD are unknown, but patients often respond to a combination of behavioral therapy and pharmacological intervention. Psychostimulants, such as methylphenidate and amphetamine, are commonly used therapeutic drugs, which often reduce the symptoms of ADHD (Cantwell, 1996; Solanto, 2002; Olfson et al., 2003) . Therapeutic effects of both stimulants are due to enhancing dopaminergic activity. Methylphenidate binds the dopamine transporter, and to a lesser extent the norepinephrine transporter, thereby inhibiting reuptake of dopamine and norepinephrine into presynaptic terminals, allowing greater stimulation of their respective receptors (Sulzer et al., 1995; Gatley et al., 1996) . Amphetamine decreases uptake and increases efflux of dopamine by the dopamine transporter, decreases dopamine content in synaptic vesicles (Sulzer et al., 1995) , and inhibits norepinephrine and serotonin reuptake, which increases activation of adrenergic and serotonergic receptors. Neurotransmitter release is also promoted by amphetamine, and more modestly by methylphenidate (Gatley et al., 1996; Kuczenski and Segal, 1997; Nestler et al., 2001 ).
Acute treatment with amphetamine causes a rapid increase in locomotor activity in rodents. Beaulieu reported that this locomotor-activating effect of amphetamine is mediated by activation of glycogen synthase kinase-3 (GSK3) (Beaulieu et al., 2004 (Beaulieu et al., , 2007 . The activity of the two GSK3 isoforms, GSK3α and GSK3β, is predominantly regulated by inhibitory phosphorylation on Ser21-GSK3α and Ser9-GSK3β, a modification that is mediated by Akt (Doble and Woddgett, 2003; Jope and Johnson, 2004) . We recently reported that 8 days of amphetamine or methylphenidate administration activated GSK3 in mouse striatum (Mines and Jope, 2012) , similarly to acute amphetamine responses.
The importance of inhibitory control of GSK3 can be studied using GSK3α 21A/21A /β 9A/9A knockin mice, with the regulatory serines of one or both GSK3 isoforms mutated to alanines (McManus et al., 2005) , thereby maintaining GSK3 maximally active. Both GSK3 isoforms are expressed at normal levels. Administration of amphetamine activates GSK3 by decreasing the activating phosphorylation of Akt on Thr-308, which decreases the inhibitory serine-phosphorylation of both isoforms of GSK3 (Beaulieu et al., 2004 (Beaulieu et al., , 2007 . Beaulieu et al. (2004) found that dopamine transporter-knockout mice exhibit hyperactivity in a novel open field that was attenuated by administration of lithium and other GSK3 inhibitors, and amphetamine-induced hyperactivity was diminished by reduced GSK3 expression in GSK3β −/+ mice. Conversely, GSK3 knockin mice are hypersensitive to amphetamineinduced locomotor hyperactivity, further linking amphetamine and GSK3 activation in promoting locomotor hyperactivity (Polter et al., 2010) .
In the present study, we tested if GSK3 mediates responses of mice to methylphenidate similarly to previous findings with amphetamine (Beaulieu et al., 2004 (Beaulieu et al., , 2007 Mines and Jope, 2012) , and if the behavioral effects are altered following longer term stimulant administration. The results indicate that in contrast to lithium's counteraction of locomotor and PPI responses to amphetamine, lithium administration did not alter these behavioral responses to methylphenidate. Studies in GSK3 knockin mice demonstrated that only active GSK3β, not active GSK3α, promoted locomotor activation induced by methylphenidate.
Materials and methods

Animals
This study used adult, male C57Bl/6J littermate mice, ~3 months of age, expressing wildtype GSK3 or GSK3α 21A/21A (hereafter referred to as GSK3α knockin mice), or GSK3β 9A/9A (GSK3β knockin mice), originally kindly provided with matched controls by Dr. D. Alessi (University of Dundee). These mutations disable the inhibitory serine phosphorylation of GSK3, but both isoforms are expressed at normal levels so GSK3 retains maximal activities within the normal physiological range (McManus et al., 2005) . GSK3 knockin mice reproduce and develop normally and no overt phenotype has been reported. For chronic lithium treatment, mice were given ad libitum water and saline (to prevent hyponatremia caused by lithium-induced increased excretion of sodium) and were fed pelleted chow containing 0.2% lithium carbonate (Teklad, Madison, WI) for three weeks, as previously described (De Sarno et al., 2002; Eom and Jope, 2009 ). All mice were housed and treated in accordance with National Institutes of Health guidelines and procedures with mice were approved by the University of Alabama at Birmingham and University of Miami Institutional Animal Care and Use Committees.
Drug administration
Methylphenidate and amphetamine (Sigma, St. Louis, MO) were dissolved in saline and injected intraperitoneally (i.p.). Control mice received equal amounts of saline vehicle. Acute injections were given in the testing chambers. For the 8 days of repeated injections, drugs were administered in the home-cage, except for the last injection, which was administered in the testing chamber.
Open-field behavior
Locomotion was measured in an open-field arena (43.2 cm × 43.2 cm × 30.5 cm) fitted with 16 evenly spaced infrared sources and sensors juxtaposed around the periphery of the chamber (Med Associates, St. Albans, VT). The outer walls were wrapped with white paper to limit external stimuli and light gradients. A white noise generator was used (55 dB) during all tests. Each chamber was connected to a computer that recorded beam breaks (50 ms sampling rate). Three consecutive beam breaks represented an ambulatory episode (horizontal activity) and the total distance of all ambulatory episodes was recorded in 60 s intervals. Each mouse was placed in the center of the box to begin the test. Testing sessions were 45 min for methylphenidate treatment and 80 min for amphetamine treatment. Habituation to the apparatus was carried out for the first 15 min before methylphenidate injection and for the first 30 min before amphetamine injection. Stereotypic behaviors, measured as repetitive breaks of the same beams during slow, small movement periods, were also recorded. Separate experimental groups were used for measurements after acute administration and after 8 days of repeated administration, as pre-exposure to the open-field apparatus could confound results.
Pre-pulse inhibition behavior
Pre-pulse inhibition was measured using the SR-Lab System (San Diego Instruments, San Diego, CA). Mice were placed in the Plexiglas cylinder and left undisturbed with background white noise (65 dB) for 5 min prior to 7 trials. During the first trial no stimulus was presented to measure baseline movement in the cylinder. Another trial consisted of a 40 ms, 120 dB sound burst used as the startle stimulus. Three different 20 ms pre-pulse sounds (69, 73, and 81 dB) were presented either alone (pulse alone) or 100 ms before the startle stimulus (pre-pulse trials). Each trial type was repeated six times, once per block of seven trials in pseudorandom order. The inter-trial interval was 15 s. The startle response was recorded every 1 ms during a 65 ms period that followed the onset of the startle stimulus. The maximum startle amplitude during this period was used as the dependent variable. Percent pre-pulse inhibition of the startle response was calculated as 100-[(startle response on acoustic pre-pulse plus startle stimulus trials/startle response alone trials)−100].
Statistical analysis
Data were analyzed by unpaired t test and two-way ANOVA with Bonferroni post tests.
Values are expressed as mean ± S.E.M.
Results
Locomotor hyperactivity is dose-dependently induced by methylphenidate in wild-type mice
Administration of methylphenidate dose-dependently induced increases in open-field locomotor activity in wild-type mice ( Fig. 1A ; F dose (3,54)=18.87, P<0.0001; F time (8,432)=20.51, P< 0.0001; F interaction (24,432)=13.83, P<0.0001, two-way ANOVA. * P≤0.05, post-test, as compared to vehicle-treated control mice). Administration of 5 mg/kg methylphenidate did not significantly d increase locomotor activity, whereas 10 mg/kg methylphenidate caused a rapid and prolonged hyperactivity that was significantly increased within 10 min of methylphenidate administration and remained significantly elevated for 30 min. Interestingly, after administration of the highest dose tested, 20 mg/kg methylphenidate, wild-type mice displayed a rapid onset of hyperactivity that reached a peak at 10 min post treatment, followed quickly by a return towards basal activity. This pattern of locomotor activation is similar to a previous report assessing the effects of acute administration of 30 mg/kg methylphenidate in mice (Beaulieu et al., 2006) .
The effects of 8 days of repeated daily administration of methylphenidate on locomotor activity were compared with a single treatment. Locomotor activity following repeated administration of 10 mg/kg methylphenidate was similar to acute administration ( Fig. 1B The pattern of methylphenidate-induced hyperactivity at the highest dose (20 mg/kg) suggested the possible development of stereotypic behavior. However, assessment of stereotypic behavior indicated no significant increase in stereotypic counts in mice treated with 20 mg/kg methylphenidate for 1 or 8 days, as compared to vehicle-treated control mice ( Fig. 1D; F vehicle-treated control mice). Nevertheless, it should be noted that since automatic measurements of stereotypy may not accurately analyze the expression of various forms of stereotypy, a possibility of contribution of some type of stereotypic movements in the reduction of locomotor activity following repeated methylphenidate treatment cannot be fully excluded. However, a previous study also reported a rapid increase in locomotor hyperactivity after administration of 30 mg/kg methylphenidate that was followed by a secondary reduction in ambulatory activity (Beaulieu et al., 2006) .
In comparison, administration of 2 mg/kg amphetamine caused a prolonged increase in locomotor activity ( Fig. 1E ; F dose (1,18) =0.004, P=0.9467; F time (15,270) =5.11, P<0.0001; F interaction (15,270) =1.47, P=0.1177, two-way ANOVA), as previously reported (Beaulieu et al., 2007; Polter et al., 2010) . Repeated treatment with amphetamine for 8 days did not significantly alter hyperactivity from that induced by acute amphetamine administration (Fig. 1E ). There was no significant increase in stereotypic behavior in mice treated with 2 mg/kg amphetamine, as compared to control mice ( Fig. 1F ; F dose (2,27) = 36.81, P<0.0001; F time (15,405) =17.11, P <0.0001; F interaction (30, 405)=4.89, P<0.0001, two-way ANOVA. * P≤0.05, post-test, as compared to vehicle-treated control mice).
Lithium treatment does not reduce methylphenidate-induced hyperactivity in wild-type mice
Lithium was administered to mice for three weeks to assess its effect on methylphenidateinduced locomotor hyperactivity, a lithium treatment paradigm that does not alter basal locomotor activity in this strain of mice (Yuskaitis et al., 2010) . As compared to methylphenidate treatment alone, lithium treatment did not significantly alter 20 mg/kg methylphenidate-induced hyperactivity ( Fig. 2A; F dose (1,23) (Beaulieu et al., 2004) . There was no significant difference between the locomotor activities of mice treated with lithium and administered repeated doses of amphetamine from the response of mice treated with repeated doses of amphetamine alone ( Fig. 2D ; F dose (1,18)=0.74, P=0.4019; F time (15,270)=2.32, P=0.0040; F interaction (15,270)=3.23, P<0.0001, two-way ANOVA). Thus, chronic lithium treatment had no effect on methylphenidate-induced locomotor hyperactivity, but lithium effectively counteracted the locomotor response to acute amphetamine administration, whereas this effect of lithium on the response to amphetamine was absent after prolonged amphetamine treatment.
MPH affects sensorimotor gating behavior
Methylphenidate (20 mg/kg) administration significantly decreased PPI compared to PPI in vehicle-treated control mice ( Fig. 3A ; * P≤0.05, as compared to previous tone intensity; & P≤0.05, as compared to vehicle-treated control mice, t test). Lithium treatment, which alone does not alter PPI (Umeda et al., 2006) , facilitated the methylphenidate-induced decrease in PPI ( Fig. 3A ; # P≤0.05, as compared to methylphenidate treatment alone, t test).
Amphetamine (2 mg/kg) significantly reduced PPI at the highest tone (81 dB) ( Fig.  3B ; * P≤0.05, as compared to previous tone intensity; & P≤0.05, as compared to vehicletreated control mice, t test). There was also no significant increase in PPI from mid (73 dB) to high (81 dB) tones in amphetamine treated mice, as observed in control mice. Lithium treatment modestly restored the PPI response in amphetamine-treated mice, as a significant increase in PPI was observed with increasing pre-pulse tones from 73 dB to 81 dB in lithium-treated mice given amphetamine, as occurred in control mice. Thus, chronic lithium treatment significantly promoted PPI deficits induced by methylphenidate, but significantly reduced the amphetamine-induced PPI deficit.
GSK3β, but not GSK3α, regulates methylphenidate-induced behavioral responses
Since amphetamine-induced locomotor hyperactivity was heightened in GSK3α/β knockin mice that express constitutively active GSK3α and GSK3β (Polter et al., 2010) , we tested if that occurred following methylphenidate administration separately in GSK3α or GSK3β knockin mice. Acute administration of 20 mg/kg methylphenidate induced hyperactivity in GSK3α knockin mice that was not significantly different from the response to methylphenidate in wild-type mice ( Fig. 4A; F (Fig. 1C ) also was equivalent in GSK3α mice ( Fig. 4B ; F dose (1,9) =14.83, P =0.0039; F time (8,72) =10.40, 0 P <0.0001; F interaction (8,72) =11.39, P <0.0001, two-way ANOVA. * P≤0.05, post-test, as compared to Day 1). In D contrast to the lack of effect of active GSK3α, in GSK3β knockin mice the maximal locomotor hyperactivity induced by acute 20 mg/kg methylphenidate administration was significantly higher and the duration of hyperactivity was significantly prolonged compared with wildtype mice ( Fig. 4C; F Fig. 1C) with blunted locomotor responses after 8 days of 20 mg/kg methylphenidate administration. Thus, activated GSK3β significantly increased the hyperactive locomotor response to acute methylphenidate administration, but active GSK3α did not, and prolonged methylphenidate administration resulted in diminished locomotor activation compared with acute administration regardless of the phosphorylation status of either GSK3 isoform.
PPI in GSK3α knockin mice and its inhibition by methylphenidate treatment ( Fig.  5A ; * P≤0.05, as compared to previous tone intensity; & P≤0.05, as compared to control, t test) were similar to PPI in wild-type mice (Fig. 3A) . In contrast, PPI was impaired in GSK3β knockin mice, as there was no significant difference in response to increasing tones (Fig. 5B) , and methylphenidate had no significant effect on PPI in GSK3β knockin mice, although there was a trend suggesting an effect (P=0.06 at lowest tone and P=0.08 at highest tone).
Taken together, these findings indicate that constitutively active GSK3β, but not GSK3α, in the knockin mice significantly alters responses to methylphenidate, revealing differing roles for the two GSK3 isoforms in methylphenidate-induced behavioral responses.
Discussion
Abnormalities in dopaminergic activity and signaling are linked to several neurobehavioral disorders. The increasing incidence of neurobehavioral disorders, such as ADHD (Center for Disease Control, 2010), and increases in the prescription of stimulants, such as methylphenidate, emphasizes the critical need for further understanding of drug-induced behavioral responses. The results of this study indicate that lithium treatment differentially modifies locomotor activity and PPI behavioral responses to methylphenidate and amphetamine, and that there are distinct differences between the impact of the two isoforms of GSK3 on these behavioral responses to methylphenidate.
Inhibition and activation have been used to decipher the role of GSK3 in stimulant-induced behaviors. Beaulieu et al. (2004) clearly demonstrated that GSK3 promotes amphetaminemediated actions in vivo, such as locomotor activity. They showed that reduced expression of GSK3β, using GSK3β −/+ mice, or inhibition of GSK3 with lithium treatment significantly reduced amphetamine-induced locomotor hyperactivity (Beaulieu et al., 2004) . Using hyperactive dopamine transporter-knockout mice, they also showed that inhibition of GSK3, using SB216763, alsterpaullone, indirubin-3-monoxime, valproate, and TDZD, reduced dopamine-mediated open-field locomotor activity (Beaulieu et al., 2004) . The influence of GSK3 on other psychostimulant-induced behaviors has also been reported. GSK3 inhibition by administration of SB216763 or valproate in mice or AR-A014418 in rats attenuated cocaine-and amphetamine-induced locomotor hyperactivity (Miller et al., 2009; Gould et al., 2004) . Lithium and SB216763 also reduced methamphetamine-induced hyperactivity and behavioral sensitization in mice and rats paradigms (Ago et al., 2012; Xu et al., 2011) . Clozapine, an atypical antipsychotic that reduces GSK3 activity in mouse and rat brain (Kang et al., 2004; Li et al., 2006) , reduced amphetamine-mediated hyperactivity (Tang et al., 1997) and cocaine-induced sensitization (Park et al., 2010) . Reciprocally, overexpression of constitutively active GSK3β S9A was sufficient to increase locomotor activity of mice in a novel environment (Prickaerts et al., 2006) , and GSK3α/β knockin mice displayed increased locomotor activation in response to amphetamine administration (Polter et al., 2010) . In contrast to the reports that lithium treatment blocks amphetamine-stimulated locomotor activity, as also demonstrated in this study, the current study found that lithium treatment does not significantly alter locomotor activation in response to methylphenidate. GSK3α and GSK3β knockin mice were used to determine if constitutive activation of either, or both, isoforms altered responses to methylphenidate. Whereas GSK3α knockin mice displayed no difference from wild-type mice in methylphenidate-induced locomotor hyperactivity, GSK3β knockin mice displayed greater locomotor activation in response to methylphenidate compared to wild-type mice. These findings support the unexpected conclusion that lithium does not influence methylphenidate-induced locomotor activity, and that only active GSK3β, not active GSK3α, promotes this response to methylphenidate, although further studies using mice with selectively reduced expression of each of the GSK3 isoforms could be used to further examine these interactions. These findings extend a growing appreciation for the differential actions of the two isoforms of GSK3 (Liang and Chuang, 2007; Force and Woodgett, 2009) .
Differential regulation by lithium of acute methylphenidate-and amphetamine-induced behavioral responses and different effects of the two GSK3 isoforms provoked examination of their effects after repeated administration. Administration of 20 mg/kg methylphenidate for 8 days did not increase locomotor activity to the same extent as acute methylphenidate in wild-type mice, which matches previous reports of diminished locomotor responses to methylphenidate after repeated treatments of a lower dose of methylphenidate administered orally to mice (Kuczenski and Segal, 2002) . This contrasts with 8 days of treatment with 2 mg/kg amphetamine, after which the locomotor response was indistinguishable from the acute response. Interestingly, lithium did not alter locomotor responses after repeated administration of either stimulant and the promotion by constitutively active GSK3β of locomotor activation was absent after repeated administration of methylphenidate.
Deficits in PPI have often been observed in psychiatric disorders, such as schizophrenia (Geyer et al., 2001; Swerdlow et al., 2008) . These deficits have been modeled in rodents, for example by administration of amphetamine, which is well-known to impair PPI (Flood et al., 2010; Geyer et al., 2001; Swerdlow et al., 2008) . Impaired PPI has also been reported after methylphenidate administration to wild-type mice (Flood et al., 2010) . Inhibition of GSK3 has been reported to restore PPI after amphetamine administration (Ong et al., 2005) . In the present study, methylphenidate induced significant decreases in PPI in wild-type mice and this impairment was increased by lithium treatment. In contrast, lithium treatment reduced amphetamine-induced PPI deficits in wild-type mice. Thus, as with stimulantinduced locomotor hyperactivity, lithium treatment had different effects on the PPI responses to methylphenidate and amphetamine. Also, as with locomotor activity, there were differential actions of the two GSK3 isoforms on stimulant-induced impairment of PPI. Constitutively active GSK3α had no effect on PPI or the impairment caused by methylphenidate administration, whereas constitutively active GSK3β impaired PPI, which negated any potential impairment of PPI following methylphenidate administration. Collectively, these PPI measurements demonstrate differential actions of lithium following administration of methylphenidate compared with amphetamine, and a selective modulatory effect of GSK3β rather than GSK3α.
With dopamine-mediated signaling and behaviors being linked to more neurological disease and disorders, it's becoming increasingly important to understand all facets of regulation. In this study, we identify differential stimulant-induced responses after chronic administration.
We also confirm previous reports identifying GSK3 regulation as a key contributor to dopamine-mediated therapeutic efficacy and responsiveness. 
